A polyclonal antibody against a glutathione S-transferase fusion protein containing the 76 COOH-terminal amino acids of Hex, a divergent homeobox gene, was raised in rabbits. Western blot and immunofluorescence reveal that Hex is a 35-37-kD soluble protein present both in the nucleus and cytoplasm of transfected and nontransfected cultured cells as well as in whole mouse embryo. Confocal microscopy of whole mount immunostained mouse embryos at E7.5 and E8.5 demonstrates that Hex is differentially localized in the cytoplasm and nucleus of definitive endoderm, developing blood islands, and hepatic diverticulum. In particular, in the region of the foregut that gives rise to the liver, Hex expression is nuclear in the endodermal cells of the hepatic diverticulum, whereas expression is primarily cytoplasmic in cells lateral to the liver-forming region. This suggests that nuclear localization of Hex is involved in early hepatic specification and that compartmentalization of Hex protein plays an important role in its function during mouse development. Homeobox gene products are transcription factors containing a conserved 60-amino acid homeodomain that binds DNA in a sequence-specific manner and regulates different aspects of cell differentiation and morphogenesis during animal development (1, 2). The divergent or orphan homeobox gene Hex (3), also known as Prh (4), is expressed in a variety of multipotent hematopoietic progenitor cells and cell lines, suggesting a role in the early stages of hematopoietic cell differentiation. Recently Hex has been implicated as the earliest unequivocal molecular marker of anteroposterior patterning in the mouse embryo (5) and is also believed to play a role in organogenesis on the basis of its expression in the developing liver, thyroid, and lung (6).
Homeobox gene products are transcription factors containing a conserved 60-amino acid homeodomain that binds DNA in a sequence-specific manner and regulates different aspects of cell differentiation and morphogenesis during animal development (1, 2) . The divergent or orphan homeobox gene Hex (3), also known as Prh (4) , is expressed in a variety of multipotent hematopoietic progenitor cells and cell lines, suggesting a role in the early stages of hematopoietic cell differentiation. Recently Hex has been implicated as the earliest unequivocal molecular marker of anteroposterior patterning in the mouse embryo (5) and is also believed to play a role in organogenesis on the basis of its expression in the developing liver, thyroid, and lung (6) .
In general, the expression patterns of homeobox genes, including Hex, have mainly been examined at the mRNA level by use of in situ hybridization or RNase protection assay. However, the expression patterns of homeobox mRNA and their proteins do not always correlate, possibly because of posttranscriptional and/or posttranslational modifications (7, 8) . For example, maternally derived caudal mRNA is distributed diffusely but its protein is expressed in a gradient fashion only in the posterior area of the Drosophila embryo (9) , and Csx/Nkx 2.5 mRNA is readily detectable in National Institutes of Health 3T3 cells but its protein product is undetectable (10) . Another level of homeobox gene regulation involves the spatial distribution of its protein product within the cell. The Exd product accumulates only in the cell cytoplasm in early embryos and is later translocated to the nucleus (11, 12) . Endogenous rat engrailed homeoproteins are present in the cytosolic and membrane fractions in addition to their nuclear localization in embryonic midbrain/hindbrain (13) . Although a considerable amount of information regarding the distribution and expression pattern of Hex is available at the mRNA level in vertebrate development (3, 5, 6, 14, 15) , nothing is known about the localization of the Hex protein.
The purpose of the present study was to identify and localize Hex protein at the cellular and subcellular levels in transfected and nontransfected cells as well as in whole mouse embryos by use of a polyclonal antibody. We found that Hex is a soluble protein with an apparent molecular mass of 35-37 kD. Surprisingly, it is localized both in the nucleus and cytoplasm of transfected COS cells and nontransfected MLE-15 cells. We
METHODS

Animals.
The Yale Institutional Animal Care and Use Committee approved the use of animals in this study.
Plasmid construction and preparation of Hex fusion protein. A fusion protein (GST-Hex) was prepared from the COOH-terminal 76 amino acids of the mouse Hex protein encoded by a full-length cDNA clone Hex1 (3). The cDNA was cloned in frame into the EcoRI site of the GST fusion vector pGEX-5x-3. The eukaryotic expression plasmid pcDNA3 (Invitrogen) was used to make two additional Hex plasmids under the control of the CMV promoter in pcDNA3. One consisted of the full-length Hex cDNA (pCMV-HEX) alone, whereas the second included a FLAG epitope tag at the 3Ј end of the cDNA (pCMV-HEXFLAG). The orientation of all the cloned sequences as well as the integrity of the cloning sites was verified by sequencing. pCMV-HEX and pCMV-HEXFLAG were used to transiently transfect COS cells. Fusion protein synthesis in transformed bacteria (Escherichia coli DH5␣) was induced by incubation with 0.5 mM IPTG for 2 h. A total cell lysate was prepared after resuspending the bacterial pellet in 1X PBS and lysed by sonication. After centrifugation at 12,000 ϫ g for 30 min, the supernatant was passed through a GST column (Pharmacia) equilibrated with 1X PBS and 1mM PMSF. After washing with PBS and PMSF, the fusion protein was finally eluted in 10 mM glutathione and 50 mM Tris, pH 8.0.
Antibody production, purification, and Western blotting. Polyclonal antisera to GST-Hex were raised in three rabbits (Charles River Laboratories, Wilmington, MA, U.S.A.) by using standard techniques. After titering, the IgG fraction of Hex antisera was purified on a protein A-sepharose column. The Hex antibody was further purified on a GST-Hex affinity column by use of standard technique (16) . Western blotting was performed using standard protocols.
Northern blotting. Total RNA preparation and Northern blotting was carried out following standard procedures.
Immunocytochemistry. After two washes with ice-cold PBS, the COS and MLE15 cells were fixed with 4% paraformaldehyde in PBS at room temperature for 30 min. They were then permeabilized in PBST for 30 min at room temperature and blocked in 2% BSA in PBST for 1 h at room temperature. Immunostaining of Hex was performed with the rabbit antiHex antibody, and the antibody was detected with a Texas red conjugated secondary antibody (1:150). Photographs were taken using a Zeiss fluorescence microscope.
Whole mount immunofluorescence. E7.5 and E8.5 mouse embryos fixed in 4% paraformaldehyde in PBS for 1 h at room temperature were permeabilized in PBST for 2 h and blocked with 2% BSA in PBST for 2 h at room temperature. Incubation of anti-Hex antibody (1:200) was performed overnight at 4°C. After thorough washing with PBST, specific antibody binding was detected by incubation with a Texas red conjugated secondary antibody (1:150) at room temperature. Embryos were washed extensively in PBST, mounted in antifade media, and finally observed under a Zeiss laser scanning confocal microscope. Whole mount in situ hybridization. Embryos were dissected in PBS and fixed in 4% paraformaldehyde/PBS for 1 h at 4°C. In situ hybridization was performed according to Wilkinson (17) . Digoxigenin-labeled antisense Hex RNA probe was used for hybridization.
RESULTS
Western blot analysis.
Rabbits immunized with the GSTHex fusion protein developed a strong immune response as determined by Western blots. To verify the specificity of this response, Western blots were performed against the purified fusion protein after SDS-PAGE and transfer to nitrocellulose (Fig. 1) . Figure 1 , lane 1 shows the location of the Coomassie blue-stained fusion protein GST-Hex in a gel identical to that from which the transfers were made. Lane 2 demonstrates the lack of reactivity to preimmune sera to the fusion protein. In lane 3, the affinity-purified immune serum strongly labeled the fusion protein as well as some smaller proteins representing proteolytic fragments or contaminating bacterial proteins. To distinguish whether labeling of GST-Hex was entirely due to reactivity with GST epitopes, the immune serum was preabsorbed with purified GST protein, and lane 4 shows that GST-depleted antibody strongly reacted with fusion protein. However, when immune serum was preincubated with GSTHex fusion protein, the antigen-antibody binding was almost abolished (lane 5). These data demonstrate that a significant component of the reactive antibody to GST-Hex was directed against the Hex peptide.
Identification of Hex proteins by immunoblotting in COS cells, MLE 15 cells, and whole mouse embryos. COS cells do not have any endogenous expression of Hex as detected by
Western blot. Western blots of COS cells transiently transfected with pCMV-HEX show a 35-kD protein band both in the cytoplasmic and nuclear fractions ( Fig. 2A) . When COS cells were transfected with pCMV-HEXFLAG, Western blotting detected a 37-kD protein. This size is consistent with the expected size increase due to the FLAG epitope tag (Fig. 2B) . Figure 2D shows the presence of 35-kD endogenous Hex protein both in nuclear and cytosolic fractions of the mouse lung epithelial cell line MLE-15. Figure 2E shows the Hex protein in E10.5 whole mouse embryo extract, indicating that the antiserum is specific for mouse tissue.
Identification of Hex protein by immunofluorescence. COS cells were transiently transfected with pCMV-HEX, immunostained with anti-Hex antibody, and counterstained with Sytox green to stain the nuclei (Fig. 3, A and B) . As illustrated in Figure 3 , A and B, the nucleus and cytoplasm of one transfected COS cell stained positive with Hex antibody. Nontransfected murine lung epithelial MLE-15 cells show endogenous expression of Hex primarily in the nucleus with lower levels in the cytoplasm (Fig. 3, C and D) .
Hex expression in whole mouse embryo. E7.5 and 8.5 embryos were examined for Hex expression by whole mount immunostaining (Fig. 3, F-K) . No signals were detected in E7.5 embryos using preimmune (negative control) sera (data not shown). When staining is performed with anti-Hex antisera, distinct signals are found in the definitive endoderm. Staining in this region, which is predominately cytoplasmic, shows a gradient along the anteroposterior axis with the highest intensity on the anterior side of the embryos (Fig. 3F) . Hex is also expressed in the developing blood islands of the extraembryonic region at this stage (Fig. 3, G and H) . However, in these cells, Hex immunoreactivity is confined solely to the nuclei of cells (Fig. 3H) . At E8.5, strong staining is found in the hepatic diverticulum, the region of the foregut that forms the liver (Fig. 3I) . In the foregut endodermal cells that are most anterior and form the leading edge of endodermal cells that are migrating into the precardiac mesoderm, staining is quite intense and is predominately nuclear. However, cells in the region that are more posterior and, therefore, more distant from the precardiac mesoderm express lower levels of Hex, and the expression is primarily cytoplasmic rather than nuclear (Fig.  3K) .
DISCUSSION
Hex is one of the earliest markers of the anterior aspect of the embryo, suggesting a role in anteroposterior patterning (5, 18) . In addition, Hex is expressed in several organs derived from the foregut and is seen in early hematopoietic and endothelial cells (3) . The conservation of Hex in a diverse group of vertebrates including mouse, rat, chick, frog, and human (3, 4, 14, 19, 20) strongly suggests that Hex plays a fundamental role in early embryonic development. The present study is the first to examine Hex protein expression at the subcellular level in cultured cells as well as in the developing mouse embryo. We show that the Hex protein, which functions as a DNA-binding transcription factor, is found both in the nucleus and cytoplasm of both transfected and nontransfected COS and MLE-15 cells and in mouse embryos in vivo. This suggests that one important mechanism for regulating the transcriptional activity of Hex is the regulation of its nuclear-cytoplasmic localization.
The immunochemical characterization of Hex as a 35-kD polypeptide is consistent with a molecular weight of 31 kD as predicted from its amino acid sequence. The Western blot and immunofluorescence studies indicate that Hex is localized in both the nucleus and cytoplasm of Hex-transfected COS cells as well as nontransfected MLE-15 lung epithelial cell, which express Hex endogenously as evidenced by the presence of Hex mRNA in this cell line (Fig. 2C) . The distribution of the Hex protein in developing mouse embryos correlates well with its mRNA distribution as determined by whole-mount in situ hybridization (5) . Distinct signals are found in the definitive 637 endoderm of E7.5 embryos in an asymmetric pattern: Hex is found predominantly on the anterior side of the embryo, and this signal is cytoplasmic. In contrast, the signal seen in the developing blood islands is localized in the nuclei. Approximately 1 d later, Hex expression in the region of developing liver is both nuclear and cytoplasmic. It appears that the foregut endodermal cells that are closest to the precardiac mesoderm express high levels of Hex that is predominately nuclear in localization, and cells on the posterior aspect of the foregut in this same region express Hex at much lower levels and mainly in the cytoplasm. The functional significance of this differential intracellular localization of Hex protein is not clear, but is likely to be involved in regulating its function as a transcription factor as has previously been demonstrated with Antennapedia, Prospero, and Exd proteins in Drosophila development (21) (22) (23) (24) (25) and Csx in mice (10) .
Our results suggest that Hex localization in either the nucleus or cytoplasm is a potential mechanism by which its function as a transcription factor is regulated. It is likely that shuttling of Hex between the nucleus and cytoplasm is mediated through an NLS (10, 26) and/or an NES (27, 28) , both of which have been found in the homeodomains of other homeobox proteins. Hex does not contain a typical nuclear localization signal like other transcription factors, but a computer search reveals the presence of three categories of potential NLS (pat4, pat7, and bipartite) in its homeodomain (29) . Hex also shows a strong homology at the amino acid level with the NES region of other homeobox proteins including chick engrailed, mouse HOXC8, and chick HOXB4 (28) . Studies are in progress to see if any of these potential NLS or NES sequences are functional in Hex and are responsible for its nucleocytoplasmic transport. Additionally, some proteins require posttranslational modification such as phosphorylation, glycosylation, or ubiquitination for their nuclear translocation (30 -32) . It remains to be seen whether Hex also requires similar modification at the posttranslational level for its nucleocytoplasmic transport.
In summary, we find that mouse Hex is a soluble protein with an apparent molecular mass of 35-37 kD and is expressed both in nuclei and cytoplasm of cultured cells as evidenced by Western blot and immunofluorescence. At E7.5, Hex protein is localized in the cytoplasm of definitive endoderm in a gradient along the anteroposterior axis and is seen in the nuclei of the cells in the region of the developing blood islands. Hex is also expressed in both the cytoplasm and the nuclei of the cells in the hepatic diverticulum at the E8.5. Further immunochemical studies are needed to define the distribution of Hex protein during development. Similarly, it is important to determine the functional significance of the nuclear/cytoplasmic compartmentalization that we have here demonstrated.
